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Abstract
Thin-gold ﬁlms have been laid down on the inner 
surface of borosilicate capillaries using a variety 
of deposition techniques and the resultant ﬁlm 
composition and morphology has been evaluated 
using energy-dispersive x-ray (EDX) and scanning 
electron microscopy (SEM) analysis, respectively. 
These ﬁlms have been shown to couple very 
strongly with microwave irradiation to generate 
very high temperatures (>850 °C). These ﬁlms 
have been demonstrated to be highly reactive 
catalytically in a number of mechanistically-
diverse chemical transformations. Wide 
selections of structurally-varied compounds have 
been made by hydrosilylation, benzannulation, 
and alkyne additions to imines. 
Background
Over the last decade, gold catalysis has undergone 
a renaissance leading to new and useful applications 
in synthetic organic chemistry (1). Unlike its 
neighbouring d10 metals whose catalysis is typiﬁed 
by changes in oxidation state (generally between 
0 and II), gold resists such formal changes due to 
the high stability of  the I and III oxidation states. 
This aided the belief  for some time that gold was 
catalytically inactive. Indeed, for the ﬁrst half  of  
the last century gold chemistry was dominated by 
simple oxidative processes, such as chlorination 
(2) and oxidation using molecular oxygen (3). This 
evolved into more elaborate processes including the 
incorporation of  CO, (4) in some cases concurrent 
with carbon-carbon bond formation (5). The ﬁrst 
recognized carbon-carbon bond forming reaction 
that was catalytic in gold was an asymmetric aldol 
condensation in 1986 (6).
Au(I) and Au(III) complexes, generally as the halide 
salt, dominate homogeneous catalysis although 
complexes involving organic ligands are being 
used increasingly. However, while soluble gold 
catalysis is sharply on the rise, the gold literature 
is still dominated by heterogeneous catalysis (1). It 
is interesting that a number of  the transformations 
catalyzed by gold seem to work, to varying degrees, 
regardless of  the oxidation state of  the gold catalyst 
involved (7). Further, it is puzzling that some 
processes appear to work equally well when using 
either soluble gold salts (e.g., Au(I) or Au(III)) or Au 
particles, presumably as Au(0) (8, 9, 10). That said, it 
is very challenging with metal particles to rule out the 
existence of, and therefore the involvement of  metal 
oxides in promoting chemical transformations. The 
suitability of  a range of  gold species to catalyze the 
same reactions has not been explained conclusively. 
Most likely, one of  two situations is at work here: either 
gold can cycle between different oxidation states 
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more readily than portrayed or different mechanisms 
are operating with different gold species.  
The use of  gold thin ﬁlms to promote chemical 
transformations was pioneered, inadvertently, by 
deMeijere in 1976 (11). His group had built a gold-
lined ﬂow reactor with the idea that it would provide 
an inert surface with which to perform gas-phase 
thermolysis reactions. In fact, the ﬁlm was found 
to be catalytically active in the rearrangement 
of  strained, small-ring compounds. In a similar 
application, we have been systematically evaluating 
the performance of  metal-ﬁlm-lined capillaries with 
ﬂowed reaction solutions (12, 13, 14). However, in this 
case the capillaries were irradiated with microwaves 
to help promote the transformation, presumably in 
the form of  heat. Gold is highly microwave active 
and will absorb so strongly and generate such heat 
that the metal will actually sublime (15). None-the-
less, if  the microwave power is controlled, these 
hot gold ﬁlms are capable of  promoting a wide 
variety of  catalytically-diverse and useful synthetic 
processes. This report details our use of  thin-gold 
ﬁlms in microwave-assisted, continuous ﬂow organic 
synthesis (MACOS). 
Synthesis and characterization of  
thin gold ﬁlms inside capillaries
Given the high temperatures that are possible when 
a thin-metal ﬁlm is irradiated with microwaves, 
coupled together with the fact that the reactant 
stream is constantly ﬂowing against the ﬁlm’s surface, 
a robust Au ﬁlm must be laid down in the reactor. 
From the perspective of  promoting the reaction, it is 
important to try to maximize surface area of  the gold 
ﬁlm. This was shown to be true when we prepared 
a densely-packed, rather ﬂat and featureless ﬁlm 
that came from the deposition of  gold particles 
from a diethylene glycol/AuCl
3
 solution. While the 
ﬁlm demonstrated good wear-and-tear properties, 
the catalytic performance in reactions (vide infra) 
was poor. Conversely, when a highly-porous ﬁlm 
surface was prepared from the deposition of  gold-
nanoparticle clusters from an aqueous sodium 
citrate solution, the ﬁlm demonstrated poor adhesion 
to the glass surface and portions of  the ﬁlm were 
carried out in the efﬂuent of  the reactor. The ideal 
blend of  adhesive properties and high surface 
area were attained when a two-step process was 
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(from the diethylene glycol/AuCl
3
 solution) was 
laid down on the capillary wall upon which gold 
islands were deposited from the aqueous sodium 
citrate solution. The resultant ﬁlm morphology 
is shown in Figure 1 (panels a and b). A related 
approach was developed for the deposition of  gold 
nanoclusters on a silver monolayer, which attaches 
very ﬁrmly to glass. Now the porous gold layer 
covered the entire surface (as compared to just 
forming islands of  gold), which greatly increased 
surface area while at the same time anchoring more 
ﬁrmly to the side of  the capillary (see ﬁgure 1, panels 
c, d and e). 
Microwave-assisted, continuous ﬂow 
organic synthesis
We have designed a new continuous ﬂow reactor 
platform comprised of  capillary-sized tubes that 
traverse the cavity of  a focused Biotage Initiator 
Microwave Synthesizer (Figure 2) (16,17). The 
reactants can be premixed and ﬂowed into the 
reactor through one syringe, or more efﬁciently, kept 
separate and ﬂowed into a mixing chamber where 
they combine and move into the capillary (see the 
3-component coupling example demonstrating 
this concept in Figure 2) (18). Depending on the 
ﬂow rate, the moving solutions spend between 
two and four minutes in the microwave chamber 
(i.e., residence time), thus they must be provided 
with what is necessary in order to complete the 
reaction during this very brief  period of  time. This 
is where we have applied our metal-ﬁlm technology 
to provide a surface to promote reactions either by 
the intensively hot ﬁlm surface, which could involve a 
homogeneous catalyst in the ﬂow stream, or through 
the catalytic activity of  the ﬁlm itself. With this ﬂow 
technology and the various gold-lined capillaries in 
hand, we investigated their application in a number 
of  mechanistically-diverse gold-catalysed organic 
transformations.
Hydrosilylation of terminal alkynes
The ﬁrst MACOS transformation that the Au-lined 
capillaries (i.e., gold-on-gold) were used for was 
the hydrosilylation of  alkynes (19). A formal addition 
reaction, the process involves a number of  discrete 
steps making the catalytic process moderately 
complex (vide infra). After evaluating a number of  
solvents, ﬂow rates, and power settings, the optimized 
conditions in Table 1 were applied to a wide array 
of  substrate pairings. The method proved to be 
both general and high yielding. Reactive functional 
groups such as cyano, alcohols, chlorides, aromatics/

































 Entry Alkyne (1) Silane (2)  Product  % Conversiona
  R = R1SiH = 3 E (%) 4 Z (%) 5 A (%) (% Yield)b






















































SiH 93 3 4 78 (70)
 7 Ph- Et
3
SiH 92 4 4 86 (78)
 8 Ph- Ph
3









































































































SiClHd 100 0 0 66 (60)
 24 3-thiophenyl- Ph
2
SiClHd 74 0 26 72 (62)
 25 TMS- Ph
2
SiClHd 76 0 24 58 (50)
a Percent conversion was determined by analysis of  the 1H NMR spectrum of  the reaction mixture efﬂuent as it exited the capillary. 
b Percent yield was determined by collecting a known volume of  reaction efﬂuent, removing the solvent in vacuo and purifying 
the crude product by silica gel chromatography. c Reaction was run through a gold-ﬁlm-lined capillary immersed in an oil bath 
with the temperature set at 192°C. dThe silanol corresponding to the silyl chloride (i.e., -SiPh
2
OH) was isolated following silica gel 
chromatography and yields were calculated on this basis.
R







1700 μm capillary lined
with a gold-on-gold film
toluene, FR=20 μL/mim.,
P = 75 psi back pressure,
Temperature of  film = 600-800°C
+
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Triethyl-, triphenyl-, and chlorodiphenyl silane were 
all suitable hydrosilylating agents. Hydrometallation 
was regioselective for placement of  the silicon 
moiety on the terminal carbon of  the alkyne. When 
an alkyl alkyne was used stereospeciﬁcity was lowest 
(entries 1-6), but E selectivity for the terminal silane 
product was always greater than 90 percent.
Multi-Component Coupling Reaction 
(MCR) for the preparation of 
propargylamines
The ﬁrst MCR reaction we evaluated in MACOS 
using gold-lined ﬂow tubes was the condensation/
addition of  aldehydes, amines, and alkynes (20). 
Table 2. A three-component MCR procedure for the preparation of  propargyl amines by MACOS using a Au-coated capillary  
ﬂow tube
 Entry
 (Product) Aldehyde (6) Amine (7) Alkyne (8) % Conversiona,b
                          
 1 (9a)       75
 2 (9b)       78
 3 (9c)       70
 4 (9c)       11c
 5 (9d)       68
 6 (9e)       90
 7 (9i)       73
 8 (9j)       70
 9  (9l)       65
a Reaction mixtures were premixed, taken up into a single syringe, and infused through the MACOS capillary reactor. 
b Percent conversion was determined by analysis of  the 1H NMR spectrum of  the reaction mixture efﬂuent as it exited the capillary.  
c Reaction was run through a gold-ﬁlm-lined capillary immersed in an oil bath with the temperature set at 185°C.
1700 μm capillary lined
with a gold-on-silver film
toluene, FR=20 μL/mim.,
P = 75 psi back pressure,
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Table 3. "ENZANNULATION REACTIONS WITH !U ON !GCOATED CAPILLARIES USING -!#/3
     Percent  Percent 
 Entry R- -X- R1- Conversiona Yieldb 12 : 13 
                      
 1   -CH-   90 78 75 : 25
 2   -CH-   14c ND ND 
 3   -CH-  75 62 13 only
 4   -CH-   62 52 58 : 42
 5   -CH-   76 62 12 only
 6   -CH-   72 60 13 only
 7   -N-   78 64 70 : 30
 8   -N-   68 54 13 only
 9   -N-  65 58 13 only
 10   -N-   65 52 13 only
 11   -N-   50 40 13 only
a Percent conversion was determined by 1H NMR spectroscopy by comparing the ratio of  product peaks (12 and/or 13) to the 
starting aldehyde (10) from aliquots taken directly from the eluent stream. b Percent yield was determined by collecting a speciﬁc 
volume of  eluent that contains a known amount of  starting materials, and purifying the material by silica gel ﬂash chromatography. 
c Reaction was run through a gold-ﬁlm-lined capillary immersed in an oil bath with the temperature set at 190°C.
1700 μm capillary lined
with a gold-on-silver film
1,2-dichlorobenzene
FR=25 μL/mim.,
P = 75 psi back pressure,
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Percent conversion ranged from 65 to 90 percent 
across a variety of  electron rich/poor aldehydes and 
the process seems quite general for secondary alkyl 
amines (Table 2). Presumably, condensation takes 
place in the syringe prior to delivery of  the reacting 
solution into the ﬂow tube.  
Benzannulation of  
2-alkynylbenzaldehydes
In a mechanistically interesting and complex 
application, alkynes were ﬂowed into the reaction 
tube together with a limiting amount of  alkynyl-
substituted benzaldehyde derivatives through the 
gold-on-gold-lined capillaries (Table 3) (21). Again, 
very good conversions (and corresponding yields) 
were obtained for a wide variety of  products.
 
Mechanistic considerations
It is striking that the variety of  transformations can 
be catalysed by these gold-coated capillaries while 
they are irradiated with microwaves. On the surface, 
all three processes point to very different catalytic 
cycles, even in instances where similar reacting 
functional groups are present (e.g., aldehydes, 
alkynes). All of  these processes are known to be 
catalyzed with homogeneous Au(I) and/or Au(III) 
complexes and sample catalytic cycles for each are 
shown in Figure 3. Gold-catalysed hydrosilylation 
(Fig. 3, panel a) has been shown to be catalysed by 
Au(III) complexes and supported Au nanoparticles; 
interestingly, given the results above, metallic gold 
has been reported to be catalytically inactive in this 
process (22, 23). Li and coworkers have provided a 
mechanism for the Au-mediated addition of  alkynes 
to imines that involves the formation of  a terminal 
alkynyl-gold species (24). The proposed mechanism 
seems reasonable, yet it is interesting that the 
hydrosilylation, which takes place under very similar 
reaction conditions, does not seem to experience 
any C-H activation of  the alkyne (Fig. 3, panel b). 
The benzannulation process similarly proposes 
adjustment of  oxidation state of  the gold between I 
and III during the formation of  the aromatic ring (Fig. 
3, panel c) (9,25). Interestingly, both hydrosilylation 
and benzannulation have been demonstrated to be 
promoted by Au(I) and Au(III) complexes, but also 
by supported gold nanoparticles. This means one of  
two things for these Au-mediated processes: either 
the various oxidation states of  gold interconvert 
under the reaction conditions that these reactions 
are performed and one single pathway is involved, or 
each gold species operates with its own distinctive 
mechanism. Attempts to draw conclusions about 
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lack of  certainty about the composition of  the ﬁlm. 
There is undoubtedly both Au(0) and Au oxide(s) 
present on the surface, or just below the surface 
layer of  the gold ﬁlm.
Reproducibility of reaction and ﬁlm 
robustness
One concern for this metal-ﬁlm/MACOS technology 
is reproducibility. Unlike a conventional batch 
reaction that can be performed several times using 
the same source of  reactant, catalyst etc., there is 
the potential for greater variability between MACOS 
runs performed in different capillaries. There are a 
number of  aspects associated with the production 
of  the ﬁlm itself  (e.g., quality of  glass surface, 
exact concentration of  ﬁlm-forming solutions, exact 
temperature of  ovens, the precise time ﬁlms are left 
to develop, etc.) and the actual MACOS procedure 
that would impact on reproducibility. Admittedly, 
the hardest thing that we have found to control, let 
alone precisely reproduce from run-to-run is the 
exact temperature of  the ﬁlm (vide infra). To address 
the statistical reproducibility of  our technology, we 
randomly chose the reaction detailed in entry 10, 
Table 1 and ran the reaction ﬁve times using ﬁve 
separately prepared gold-on-gold capillaries. The 
measured percent conversions were 78, 81, 82, 85 
and 88, which corresponds to an average conversion 
of  82.8% with a standard deviation (S) of  3.4. Based 
on these ﬁndings, we believe that MACOS runs with 
metal ﬁlms are reasonably reproducible. 
Another metric often looked at for reactions that use 
supported catalysts is run-to-run reuseability. In our 
case, we were concerned about the robustness 
of  the gold ﬁlm and its possible poisoning by the 
substrates in the ﬂowing reactions stream. To 
evaluate this, the reaction in entry 10 (Table 1) was 
repeated ﬁve separate times using the same capillary. 
The percent conversion obtained in succession 
was 52, 91, 75, 80, and 72. While the ﬁrst run was 
a little low leading to a larger than ideal deviation 
(S = 12.8), good levels of  conversion were attained 
in the other runs.
Conclusions
Gold thin ﬁlms have proven to be highly active 
promoters of  three mechanistically-diverse 
transformations: hydrosilylation, alkyne additions 
to imines, and benzannulations. The reactions are 
driven by microwave irradiation that heats the gold 
ﬁlm between 600 and 950°C. There is good run-to-
run reproducibility and the gold-lined ﬂow tubes can 
be reused.
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